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Abstract. Celestial objects are often home to complex, dynamic, intriguing environments. High-
resolution x-ray spectra from these sources measured by satellites such as the Chandra, XMM-
Newton, the Solar Maximum Mission, and the soon-to-be-launched Asfro-E2 provide a means for
understanding the physics governing these sources. Especially rich is the x-ray emission from L-
shell transitions in highly charged iron ions. This emission is the source of a variety of diagnostics
whose utility lies in the accuracy of the atomic data employed to model the x-ray spectra. The atomic
data used to describe these diagnostics are generally provided by large theoretical calculations and
benchmarked by laboratory data. In this paper we discuss laboratory measurements of Fe L-shell
x-ray emission including wavelengths, relative and absolute excitation cross sections, and line ratios
that provide diagnostics of temperature and density.

INTRODUCTION

Beginning in the mid 1960s, spectrometers carried by sounding rockets and orbitin

satellites have measured high-resolution spectra from the Sun covering the 10-20 A
bandwidth [1, 2, 3, 4, 5, 6, 7]. From these measurements it was realized that the strong
emission from Fe L-shell ions contains great diagnostic potential. With the successful
launches of the Chandra and XMM-Newton X-ray observatories, high-resolution spectra
of Fe L-shell emission are now routinely measured from a variety of extra-solar sources
with the hope of taking full advantage of the diagnostics associated with the Fe L-shell
ions. Reliable interpretation of spectra from solar and extra-solar sources requires accu-
rate and complete databases of transition wavelengths and line strengths. Many improve-
ments in spectral modeling packages used by the astrophysics community have been
made such as the inclusion of large sets of recently available experimental data where
available, and by utilizing experimentally benchmarked atomic theories to provide data
when experimental results do not exist. In some cases, the inclusion of experimental data
has made reliable interpretation of high-resolution spectra possible for the first time. Fe
L-shell experimental data has been produced by several experimental facilities includ-
ing storage rings (see Savin et al. these proceedings), tokamaks [8, 9], and electron beam
ion traps [10]. Here we give a brief review of the laboratory astrophysics studies being



conducted in the study of Fe L-shell x-ray emission at the LLNL EBIT facility.

WAVELENGTHS AND LINE IDENTIFICATION

Accurate line identification of observed emission is the first step towards understanding
a spectrum and its source. In the past, the identification of Fe L-shell x-ray lines has
proceeded by comparing calculated wavelengths and line intensities to experimental
data from solar observations [4, 5, 6, 11] and emission from tokamak and laser produced
plasmas [9, 12]. Problems arise because these experimental sources all emit x-rays from
several different Fe ions simultaneously. This limits the number of lines that can be
identified and the accuracy of the wavelengths that can be measured because lines from
different charge states blend even when measured with high-resolution spectrometers. In
spite of these challenges, several databases of line intensities and wavelengths have been
compiled [13, 14, 15]. For these databases, calculations are used to provide wavelengths
and line intensities where no experimental value exists.

In anticipation of the launch of the high-resolution instruments on board Chandra and
XMM-Newton and to address problems found in the interpretation of ASCA data, all the
line emission from Fe XVII-XXIV was measured using the LLNL electron beam ion
traps (EBITs) [16, 17]. Because the electron beam on an EBIT is mono-energetic, we
are able to produce and trap a single ionic species of Fe and measure its x-ray emission.
This eliminates the spectral confusion among lines from different charge states. The
wavelength of each transition is determined by comparing to well-known wavelengths
of x-ray emission from hydrogenic and helium-like ions. Figure 1 shows a the Rydberg
series of helium-like O VII and two iron spectra. One iron spectrum was measured above
the ionization potential of Fe!®* and one below. Above the ionization potential, the Fe
XVIII line F1 is produced [18]. Thus, by changing the electron beam energy from above
and below i1onization potentials of different iron ions, line emission can be positively
identified with a specific charge state. Once the charge state and wavelength are known,
identification of each x-ray line was completed by comparing measured spectrum to a
spectrum calculated by HULLAC. The wavelengths measured at the LLNL EBIT have
been implemented in the Atomic Plasma Emission Code (APEC) making reliable line
identifications of many lines measured by Chandra and XMM-Newton possible, and are
being used to benchmark more recent calculations.

The wavelengths and line identifications provided by our experiments not only make
possible the diagnostic utility of Fe L-shell transitions, but also increase the reliability
of the diagnostics of other ionic species. For example, emission from helium-like neon,
magnesium, and hydrogenic oxygen and neon also fall in the same wavelength band
as the Fe L-shell lines. Without properly accounting for each iron line, the temperature
and density diagnostics of each of these ions is precluded. Figure 2 shows a Chandra
spectrum of Capella emphasizing the wavelength region around the Ne IX triplet. This
spectrum shows that the Fe L-shell emission must be accounted for when using the Ne
IX emission as a diagnostic.
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FIGURE 1. (top) Spectrum of helium-like O®* x-ray emission used for calibration. (middle) Fe XVII
spectrum taken at an electron beam energy of 1.2 keV. (bottom) Fe XVIII spectrum measured at an
electron beam energy of 1.3 keV. The wavelength scale is determined by the line emission from Q6+
and the lines are identified of the Fe L-shell emission are determined by comparing spectrum measured at
different beam energies. These spectra demonstrate the utility of a mono-energetic electron beam in the
identification of x-ray line emission. This figure is from [18].

THE RELATIVE INTENSITY OF THE FE XVII LINES 3C AND 3D

Two of the more distinct lines found in spectra of Fe L-shell emission are the resonance
and intercombination lines from Fe XVII, known as 3C and 3D respectively. These lines
are a result of the transitions 2p°3d;, 'Py and 2p°3ds;, Dy to the 2p° 1Sy ground
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FIGURE 2. Spectrum of Capella depicting the region around the helium-like Ne®* triplet. Several
emission lines from Fe L-shell ions are present in this wavelength region and some blend with the lines
W, X, y, and z of Ne®". Without accounting for all the iron emission, the accuracy of the temperature and
density diagnostics associated with Ne IX is limited. This data can be found in [19].

COUNTS

state, and are located at 15.01 and 15.25 A, respectively. They have been observed in
observations of the Solar corona [1, 7, 3] and from other extra-solar sources [20, 21].
Owing to their prevalence, these lines have been a topic of studies for several decades.
Comparison of the observed relative intensity Iz¢/I3p and the relative intensity calculated
by modern atomic codes shows that the calculation generally predict values significantly
higher than observed. To account for the difference, some concluded that the emission
from 3C is resonantly scattered out of the line of sight, reducing the relative intensity of
I3¢/I3p compared to the optically thin case. The reduced ratio Is¢/Izp was then used to
infer the optical depth of line 3C and the column density of the source [22]. However,
because of the large variation among theoretical values for the optically thin ratio,
correctly estimating the optical depth of 3C or the column density of the source was
not possible.

To benchmark the relative intensity of I3¢/Izp in the optically thin limit, it was
measured at the LLNL EBIT [16]. Our results show the ratio to be 3 while most modern
atomic codes predict values that are more than 20 % larger. Using our measured ratio
and the methods given in Waljeski et al. [22], we derived the optical depth of line 3C as
a function of I3¢/Isp. Figure 3 shows a plot of T(3C) versus Is¢/I3p and compares the
curve derived from our experimental ratio with different calculated optically thin ratios.

Although the measured value of I3¢/I3p = 3.04 £0.12 is significantly lower than many
of the calculations, it is still not as low as some values measured in the corona of the
Sun. To address the cause for these low ratios, we used the LLNL EBIT to measure
the line ratio under conditions where a significant amount of Na-like Fe!>" was present
at the same time as neon-like Fel®t [23]. Figure 4 shows three spectra measured at
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FIGURE 3. Plot of optical depth of the resonance line 3C versus intensity ratio 3C/3D. This figure
compares the curve obtained using the experimental ratio to those obtained from different calculations.

the LLNL EBIT each with different relative abundances of Fel>t/Fel®*. In the top
spectrum, the relative abundance is about 15%, in the middle spectrum 50 %, and in
the bottom spectrum no Fe> T is present. Our results show the presence of several Fe!>*
x-ray lines in this wavelength band and that one of these lines coincides with the line 3D.
Thus, when a significant amount of Fe!>T is present the ratio of Iz-/I3p is reduced. The
influence of Fe!>* innershell satellites was also pointed out by Behar, Cottam & Kahn
[20] in their analysis of the high resolution spectrum of Capella provided by Chandra,
and these line were tentatively identified by Phillips et al. in their analysis of solar
spectra [7]. Also, the lower ratio measured from tokamak measurements provided by
Beiersdorfer et al. [8] 1s consistent with our result.

The fact that an Fe'>* innershell satellite line increases the apparent strength of line
3D means Isc/I3p depends on the relative abundance of Fe'>* to Fe'® and is, therefore,
a function of temperature. Using the abundance versus temperature tables of Arnaud &
Raymond [24], we plot the ratio I3¢/I3p as a function of temperature in figure 5. Using
the observed values of I3¢/I3p, we also infer the temperature of Capella and of flaring
and non-flaring active regions of the Sun.

EXCITATION CROSS SECTIONS

Although our laboratory measurements have provided a benchmark for the optically thin
ratio of 3C/3D and demonstrated that the ratio can be reduced by an Fe 1>+ innershell
satellite that coincides with line 3D, the measurements of the relative intensity cannot
point out if calculations predict the incorrect cross section for 3C, 3D, or both. To
uncover the source of the problem, we have used the X-ray microcalorimeter built
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FIGURE 4. Comparison of Fe XVII spectra measured with different relative abundances of Fe'>* to
Fel6t, (a) Fel>t/Fel®t ~ 1. (b) Fel>T/Fel6t ~ 0.15. (c) Fel>T/Fel®t = 0. Lines 3C, 3D, and 3E are from
Fel®*, lines A, B, and C are from Fe'>*, and line o is from Fe!#t, This figure is from [23].

by the Goddard Space Flight Center/University of Wisconson X-ray microcalorimeter
group and implemented at the LLNL EBIT facility [25, 26, 27] to measure the absolute
cross section of both lines 3C and 3D [28]. Our method is the same as described in
[29]. In brief, we take advantage of the fact the NASA/GSFC calorimeters have a
large bandwidth, long-time gain stability, a large collecting area, and relatively high
resolution to simultaneously measure the emission from direct excitation and radiative
recombination. Once both DE and RR emission are measured, we normalize our entire
spectrum to the well-known cross sections of RR. In the case of Fe XVII, our results
show that modern atomic theories predict cross sections for the resonance line 3C to be
too large, while correctly predicting the cross section for the intercombination line 3D.
This result not only provides the reason modern theories predict [3¢/I3p to be too large,
but also demonstrates the reason calculations underestimate the relative intensity of the
2p — 3s Fe XVII lines located around 17 A relative to line 3C [30, 31]. Our result thus
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[23].

reduces the source of two long standing puzzles in the study of Fe XVII x-ray emission
to a single emission line.

We have also measured excitation cross sections of several other Fe L-shell transitions
both at single electron impact energies [29, 32] and as a function of electron impact
energy [33, 34]. Figure 6 shows the results of one of these measurements. In this case,
the Fe XXIV line Li3 was measured as a function of electron energy by sweeping the
beam energy linearly from an energy below the threshold for direct excitation to above
threshold and recording the spectrum as function of energy. Once complete, the energy
function is then absolutely calibrated by the cross section measured with the calorimeter
at one or more single-electron beam encrgies. We note that this excitation function
includes all relevant atomic processes that contribute to the line strength as a function of
electron impact energy in collisional plasmas, including dielectronic recombination and
resonance excitation. Therefore, this function can be integrated over any electron energy
distribution and provide the proper rate coefficient and line strength.

DENSITY DIAGNOSTICS

In addition to temperature and opacity diagnostics, Fe L-shell transitions can provide
a diagnostic of electron density. One example is the magnetic dipole line M2 in Fe
XVII located at 17.096 A. This transitions has a long lifetime and, in the case of high
density plasmas can be collisionally de-excited. An example case where the absence
of line M2 provides a lower limit on the electron density is given by Mauche et al.
2001 [35]. Recent studies also show a less well-known density diagnostic from boron-
like Fe XXII [36]. In this case, in contrast to a long lived state being collisionally de-
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FIGURE 6. Excitation function of the Li-like Fe XXIV x-ray transitions. By measuring the line strength
as a function of electron impact energy and by measuring its absolute cross sections, the excitation
function of this line has been measured and absolutely calibrated in the laboratory. The red points represent
the absolute cross section measurements. This figure is from [34].

populated, a virtual ground state is populated collisionally from the true ground state.
Once populated, collisional excitation from metastable ground state can significantly
enhance the line strength of some x-ray lines. Figure 7 shows this density dependence
in boron-like Fe XXII. Plotted is the ratio R — (L4 122p32 T B3ds p2ps /2) /B, 12212
versus density. These results are compared to calculations using HULLAC and FAC.
The comparison shows good agreement between both theories and experiment. For a
more detailed description of this result see Chen et al. [36].

SUMMARY

Laboratory astrophysics experiments in the study of Fe L-shell emission have provided
accurate, complete sets of wavelengths, and several relative line intensities and absolute
cross sections necessary for proper interpretation of astrophysical x-ray spectra. Future
work includes measurement of the absolute excitation functions of all the significant
Fe L-shell x-ray transitions, and extending our wavelength survey to below 10 A. We
have also extended our measurements (o L-shell transitions from other ions where
similar diagnostics exist. These include nickel [37], argon, sulfur [38, 39], and silicon.
Experimental results such as the ones presented here provide quantitative error bars that
can be used to estimate the accuracy of the physical parameters inferred from high-
resolution spectra of astrophysical sources.
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